At class II CRP-dependent promoters the DNA site for CRP overlaps the DNA site for RNA polymerase, covering the -35 region. Transcription activation at class II CRP-dependent promoters requires a contact between an activating region in the upstream subunit of the bound CRP dimer and a contact site in the C-terminal domain of the α-subunit of RNA polymerase. Transcription activation is suppressed by amino acid substitutions in the activating region, but activation can be restored by second site substitutions at K52 or E96. These substitutions identify two separate regions on the surface of CRP that appear to be able to interact with RNA polymerase specifically at class II promoters. Using the method of 'oriented heterodimers' we show that these alternative activating regions are functional in the downstream subunit of the bound CRP dimer.
INTRODUCTION
The Escherichia coli cyclic AMP receptor protein (CRP) is a well-characterized transcription activator triggered by cAMP and is responsible for the induction of more than 100 genes in E.coli (reviewed in 1). CRP is a dimer of two identical subunits and at target promoters it binds to 22 bp sequences. The crystal structure of the CRP-DNA complex has been determined; the complex is 2-fold symmetrical, with one subunit binding to one half of the 22 bp target and the second subunit binding to the other half (2) .
The many promoters where CRP alone is sufficient for transcription activation can be categorized according to the position of the CRP binding site (3, 4) . At class I promoters CRP binds upstream of RNA polymerase, the paradigm being the E.coli lac promoter, where the CRP binding site is centred between 61 and 62 bp upstream from the transcription start site (-61.5). In contrast, at class II promoters the CRP binding site overlaps the -35 region and is centred at or near -41. 5 . Transcription activation at both classes of promoter involves a direct contact with RNA polymerase via a surface-exposed loop including CRP residues T158 and H159. This region (dubbed activating region 1) makes direct contact with a specific contact site in the C-terminal part of the RNA polymerase α-subunit (4-9).
Although CRP is a dimer with an activating region 1 in each subunit, experiments with 'oriented heterodimers' have shown that only one activating region 1 is required for transcription activation (10, 11) . At class I promoters, where the bound CRP is located upstream of bound RNA polymerase, a functional activating region 1 is essential in the downstream CRP subunit, but not in the upstream subunit. In contrast, at class II promoters activating region 1 is functional in the upstream subunit of the bound CRP dimer, but not the downstream subunit (11) . This is consistent with results from footprinting experiments on open complexes at class II promoters containing both CRP and RNA polymerase. These results suggest that RNA polymerase contacts the promoter DNA both upstream and downstream of the CRP dimer. Thus activating region 1 in the upstream subunit of the CRP dimer would be able to contact the C-terminal part of the RNA polymerase α-subunit, which is located just upstream of CRP (12) (13) (14) (15) .
Our recent genetic studies have suggested that other regions of CRP might also make contacts with RNA polymerase in open complexes at class II promoters. Working with a semi-synthetic CRP-dependent promoter with the DNA site for CRP centred at -41.5, CC(-41.5), we showed that the H159L substitution in activating region 1 suppressed activation, but that substitutions at K52 or E96 could reverse the suppression and reactivate CRP (5, 16, 17) . Several lines of evidence led us to conclude that the substitutions at K52 or E96 unmask or improve alternative activating regions, rather than affecting activating region 1 directly. First, both K52 and E96 are located on the opposite face of the CRP monomer to activating region 1. Second, CRP activity could be increased by different substitutions at K52 or E96 and these substitutions could compensate for different defects in activating region 1 (R.Williams and V.Rhodius, unpublished results; 5). Remarkably, these substitutions affected activity only at class II promoters, such as CC (-41.5) , suggesting that they defined class-specific activating regions.
In this work we have used the method of 'oriented heterodimers' (10) to show that the activating regions unmasked by the K52N and E96G substitutions are functional in the downstream, but not the upstream, subunit of the CRP dimer. Together with the observation that activating region 1 functions via the upstream subunit at class II promoters, this shows that RNA polymerase can (-41.5) promoter from the transcript start at +1 to upstream of the DNA site for CRP. The 22 bp DNA consensus site for CRP, CC, centred between bp -41 and -42 (-41.5), is underlined, with the principal recognition elements, TGTGA/TCACA, in bold type. The -10 hexamer sequence is double underlined and is also in bold type. The altered DNA sites for CRP in the CX (-41.5) and XC (-41.5) derivatives are shown below. Each derivative carries a single base pair substitution, changing the recognition element in half of the DNA site for CRP from TGTGA/TCACA (C) to TGTAA/TTACA (X). Each promoter was cloned on an EcoRI-HindIII fragment. make contact with both CRP subunits when the dimer is bound around -41.
MATERIALS AND METHODS
The E.coli host strain used here was the ∆crp derivative of the ∆lac strain M182, as in our previous work (5, 16) . Recombinant plasmids and the different promoter fragments discussed here are listed in Table 1 . Standard methods for DNA manipulation and characterization were used throughout. Strains were propagated on MacConkey agar plates or in Lennox broth containing 25 µg/ml tetracycline, 35 µg/ml kanamycin or 80 µg/ml ampicillin, as appropriate.
The CX (-41.5) , XC (-41.5) and CC(-61.5) promoters were derived from the starting CC(-41.5) promoter as shown in Figure 1 . All promoters were carried on EcoRI-HindIII fragments that could be cloned into pBR322 or M13mp19 for genetic manipulation or into the low copy number lac expression vector pRW50 for measurement of promoter strength in vivo. β-Galactosidase activity was determined by the Miller protocol, exactly as in our previous work (5, 16) . Table 2 lists the crp derivatives discussed in this study and their origin. Fragments carrying crp could be shuttled between plasmids pDCRP and pDW300. Note that these plasmids are compatible and carry different antibiotic resistance determinants, permitting the simultaneous introduction of two different types of CRP into the ∆crp host. Fragments carrying different derivatives of crp were also shuttled into M13mp19 and the recombinants used for site-directed mutagenesis using the Amersham Oligonucleotide-directed Kit (catalogue no. RPN1523). After mutagenesis the complete sequence of the new crp derivative was checked prior to recloning in pDCRP or pDW300.
For in vitro studies CRP H159L and CRP E181V H159L K52N were purified by the Ghosaini method (20) . Subunit exchange reactions to generate heterodimers and abortive initiation experiments to assay the activity of resulting heterodimers at CX (-41.5) and XC(-41.5) were performed as described by Zhou et al. (10, 11) .
RESULTS AND DISCUSSION

Substitutions at K52 and E96 increase CRP activity at the CC(-41.5) promoter
As a model class II promoter we have used CC(-41.5), which carries a 22 bp synthetic consensus CRP binding sequence cloned upstream of the melR transcription start site, with the CRP binding sequence centred at -41.5 (Table 1 and Fig. 1 ). This promoter was cloned on an EcoRI-HindIII fragment. To monitor CRP-dependent transcription activation this fragment was cloned into the broad host range lac expression vector pRW50, transferred to a ∆crp ∆lac strain and different CRP derivatives were introduced in the plasmid pDCRP. The data in Table 3 confirm that expression from CC (-41.5 ) is dependent on CRP and that it is greatly reduced by the H159L substitution. Expression from CC (-41.5 ) is restored by addition of the K52N or E96G substitutions, the former being more effective. Inspection of the structure of CRP shows that H159, K52 and E96 are distant from each other (2) and thus they are likely to act independently. In agreement with this, combination of the K52N and E96G substitutions leads to extra activation at CC (-41.5) . Additionally, we measured the effects of the K52N and E96G changes in wild-type CRP in the absence of the H159L substitution. The data in Table 3 show that both changes lead to a substantial increase in activation at CC (-41.5) , showing that the 'patches' improved or unmasked by the K52N or E96G substitutions can function independently of H159L. As in our previous work (5, 17) , neither the K52N nor the E96G substitution has any effect on the activity of CRP (with or without H159L) at CC(-61.5), a model class I promoter derived from CC (-41.5) by the introduction of a 20 bp linker that moves the centre of the CRP binding site to -61.5 (Table 1) .
Oriented heterodimers: in vivo experiments
Our approach has several steps and is illustrated in Figure 2 . First, we constructed heterodimers consisting of one non-functional CRP subunit with wild-type DNA binding specificity (recognizing the motif 5′-TGTGA-3′) and one functional subunit with a non-wildtype DNA binding specificity (due to the E181V substitution in the DNA recognition helix of CRP that allows binding to 5′-TGT-AA-3′). In these experiments the non-functional CRP subunit carried the H159L substitution that disrupts activating region 1. The functional subunit carried either wild-type activating region 1 or inactivated activating region 1 (due to H159L) together with the suppressor substitution K52N or E96G. Second, we oriented the resulting heterodimers at the CC (-41.5) promoter by the use of derivatives having CRP binding sites consisting of one wild-type half-site and one non-wild-type half-site. Third, we measured the ability of each oriented heterodimer to activate transcription. To orient the CRP H159L/CRP E181V, CRP H159L/CRP E181V H159L K52N and CRP H159L/CRP E181V H159L E96G heterodimers we used the CX(-41.5) and XC(-41.5) promoter derivatives in which one of the two half-sites for CRP binding is replaced by a DNA half-site with A:T at position 7 (the 'X' half-site, Figs 1 and 2 ). Zhou and collaborators (11) have shown that heterodimers bind to these promoters in an assymmetrically oriented fashion, since the non-functional CRP H159L can bind with high affinity to the wild-type half-site (C) but not to the non-wild-type half-site (X). Figure 2 shows that at CX(-41.5) each heterodimer will be oriented such that the potentially functional subunit is the downstream subunit ( Fig. 2A and E) , whilst at XC(-41.5) the potentially functional subunit is the upstream one ( Fig. 2B and F) . In control experiments we analysed activation by CRP E181V, CRP E181V H159L K52N and CRP E181V H159L E96G homodimers, expecting that these would bind in an unoriented fashion at CX(-41.5) and XC(-41.5), since CRP E181V binds with similar affinities to wild-type and non-wild-type DNA half-sites.
For in vivo experiments we constructed strains that co-express CRP H159L on a high copy plasmid (the pDCRP family based on pBR322) and CRP E181V and derivatives on a low copy plasmid (the pDW300 family based on pLG339). In such strains we analysed transcription activation at CX (-41.5) and XC (-41.5) cloned in a lac expression vector, by measuring β-galactosidase expression. The results are listed in Table 4 . Both CRP H159L/CRP E181V H159L K52N and CRP H159L/CRP E181V H159L E96G heterodimers were active at CX(-41.5) but hardly active at XC (-41.5) . From this we conclude that the activating 
Oriented heterodimers: in vitro experiments
Following protocols devised by Zhou et al. (10,11) , we performed complementary in vitro experiments with purified CRP E181V H159L K52N. An excess of CRP H159L was mixed with CRP E181V H159L K52N such that the two species present in the mixture would be CRP H159L homodimers and CRP H159L/CRP E181V H159L K52N heterodimers. Since the homodimers are inactive and bind poorly to the CX(-41.5) and XC(-41.5) templates, they do not affect the analysis and the activity of the heterodimeric species can be assayed by abortive initiation at the two test promoters. The results in Table 5 show that CRP H159L/CRP E181V H159L K52N heterodimers are active at CX(-41.5) but hardly active at XC (-41.5) , supporting the conclusion that the positive effect of the K52N substitution on transcription activation is via the downstream subunit of the CRP dimer.
Conclusions
Footprinting studies on open complexes at a number of class II CRP-dependent promoters (where the CRP binding site is centred at or near -41.5) have shown that RNA polymerase makes important contacts both upstream and downstream of bound CRP (12) (13) (14) (15) . Such an organization suggests that CRP could make multiple contacts with RNA polymerase, in contrast to the situation at class I promoters, where CRP binds further upstream and the sole contact appears to be between activating region 1 of CRP and a contact site in the C-terminal region of the α-subunit of RNA polymerase (4,9-11). Some evidence for multiple contacts comes from the effects of substitutions at K52 and E96, which appear to unmask (or improve) 'patches' that are able to interact with RNA polymerase only at class II promoters (5, 16, 17) . Since K52 and E96 are distant from activating region 1 in the CRP structure, this raises the question of how RNA polymerase could simultaneously contact the regions around H159, K52 and E96. To explain this Williams et al. (5) noted that in the CRP dimer the surface-exposed loop carrying H159 in one CRP subunit was directly adjacent to a second surface-exposed loop carrying K52 on the neighbouring face of the second adjacent subunit. They proposed that RNA polymerase would make contact with the two different neighbouring faces of CRP as it stretched to make contacts both upstream and downstream of CRP. The present results provide strong support for this proposal, showing that each contact site is active in just one subunit of the CRP dimer and fixing the orientation of the different contact points. Figure 3 shows a space filling model of the CRP dimer bound to a target site, with the locations of H159, K52 and E96 highlighted. Zhou et al. (11) previously showed that the activating region around H159 is functional only in the upstream subunit of the CRP dimer. Here we have shown that the regions around K52 and E96 are active only in the downstream subunit. Because of the 2-fold symmetry in the CRP dimer, the two adjacent faces of CRP shown in Figure 3 are different: the simplest model (sketched in Fig. 4) would suggest that at class II promoters RNA polymerase lies alongside these two different adjacent faces making different contacts with each surface. In this model the lack of effect of the K52N and E96G substitutions at class I promoters is easy to understand. At class I promoters it is the region around H159 in the downstream subunit of the CRP dimer that makes contact with the α-subunit (10,11) ; the regions around K52 and E96 will be displayed on the adjacent face of the upstream subunit and, presumably, cannot be reached by RNA polymerase. Our model for CRP action at class II promoters envisages that dimeric CRP can make three different interactions with RNA polymerase. The pressing problem is to dissect the precise role of the three contact sites at different class II promoters. Current evidence suggests that activating region 1 in the upstream CRP subunit makes contact with the C-terminal domain of the α-subunit that binds upstream of bound CRP (4, 9, 11, 15) . As yet the contact sites in RNA polymerase for the regions around K52 and E96 are unproven, although the location of K52 in the downstream subunit, right next to the -35 sequence, suggests that the σ-subunit could be involved. Indeed, on the basis of the effects of deletions in the σ-subunit, Kumar et al. (21) proposed a role for segments of the C-terminal region in contacts at class II promoters and this is supported by photo-crosslinking experiments reported by Jin et al. (22) . In the experiments in the upper half of the table CRP H159L was encoded by a derivative of pDCRP and CRP E181V derivatives were encoded by pDW300 derivatives. In the lower half of the table CRP E181V derivatives were encoded by pDW300 derivatives and the control plasmid pDU9 was also present. Cells were grown in Lennox broth containing ampicillin, tetracycline and kanamycin. All data points were measured at least five times on independent transformants. The phenotypes of transformants on MacConkey lactose plates were consistent with the assay data. . Independent experiments were performed three times and data were corrected for CRPindependent product formation (∼30 pmol UMP incorporation/nmol template/min).
Finally, it is pertinent to consider whether our model is relevant to other positively controlled promoters where the activator binding site overlaps the -35 region of the promoter. An interesting case is the group of E.coli promoters controlled by FNR, a transcription factor essential for gene induction during anaerobic adaptation. FNR shares sequence homologies with CRP, is likely to share a similar structure and, like CRP, is functional as a dimer that binds to 22 bp sequences (23) . At most target promoters the DNA site for FNR is centred near position -41.5. After characterizing substitutions in FNR that reduce transcription activation but do not affect DNA binding Bell and Busby (24) concluded that the principal activating region of FNR was located in the surface-exposed loop around residue G85, which is homologous to the surface-exposed loop in CRP around K52. Using 'oriented heterodimers' Bell and Busby showed that only one functional activating region was necessary for transcription activation by FNR and that this was located in the downstream subunit of the bound dimer. The striking similarity between CRP and FNR suggests that the two proteins might share similar contact sites with RNA polymerase (in this case possibly a contact with the σ-subunit via the downstream subunit). Our current data suggest that FNR lacks an equivalent of the CRP activating region around E96, raising the possibility that different factors in the CRP/FNR family use different combinations of potential contact sites.
